Modeling of composite curing process is required prior to composite production as this would help in establishing correct production parameter and method of curing thereby eliminating costly trial and producing an effective method of curing a particular polymeric composite. The main objective of this work is to compare the difference between modeled microwave and conventional autoclave heating methods in producing polyester-aluminum and polyester-carbon black composites. This will establish the effectiveness of a curing method in the production of a particular polymer composite i. e, prediction of best possible trends during microwave and conventional autoclave heating with regards to effect of heating rate on degree of cure of the composites. The numerical models were constructed by taking into account heat transferred by electromagnetic energy (microwave) and heat transferred by conduction (conventional autoclave) through the resin/filler mixture, as well as kinetic heat generated by cure reaction. The numerical solution of the mathematical models presented were discretized using forward finite differences of the RungeKuta method and finally solved using MATLAB® Computer programming language. It was observed that curing of the samples was achieved faster in microwave than conventional autoclave method as microwave heat transfer by electromagnetic energy produces volumetric heat flow as compared to conventional autoclave whose heat transfer by conduction generates transverse heat flow to the samples. This implies that in the production process of polymer-matrix composites, electromagnetic energy through microwave was able to produce faster heating rate; thus, an effective method of curing in the production process of polymer-metal composites.
Introduction
In the last decade, the use of composite materials has increased considerably due to their high performance unique features. Composites have found many wide spread applications in modern industries [1] . This increased demand for composites has led researchers in pursuit of better and faster methods of manufacturing composites.
Hand lay-up is a batch manufacturing process used to shape polymeric composite materials into parts with uniform cross-section [2] . This involves the placement of fillers which may be impregnated with resin into an open mould.
The technique is being increasingly employed in the manufacture of filler or fiber-reinforced composite materials, basically due to its design flexibility and low capital cost [3] . Also, offers a potential manufacturing source of high-volume components for aerospace and automotive industries [3] .
In the recent time, attention is also focusing on the development of several variants of the hand lay-up process, especially in the area of electromagnetic heating. Such variants include microwave, induction heating and RF heating assisted hand lay-up process. The electromagnetic
Adefemi Adeodu et al.: Comparism of Cure Modeling of Unsaturated Polyester Based Composites Using Microwave
Autoclave Assisted Hand Lay heating assisted hand lay-up is an innovative variant of the hand lay-up process [4] , characterized by a high frequency electromagnetic energy source. Electromagnetic he fast instantaneous, non-contact and volumetric heating, and therefore very interesting for material processing [5] .
Source: [3] 
Figure 1. Schematic diagram of Hand lay-
Polymer-matrix composites fabrication is well served by many continuous and batch processes, all of which share the common and critical step of cure. Cure refers to an irreversible exothermic chemical reaction by which the composite lay is transformed from a soft, multi-layered mixture of fillers and resin, to a hard structural component [6] exothermicity of the curing reaction associated with the low conductivity of the material is a feature of fundamental importance. As a result, the curing reaction gives rise to high temperature within the resin especially at the center, and high temperature gradients are developed through the sample [1] [7] [8] . These facts lead to cracking [9] [10] .
Several numerical modeling and experimental investigations have been performed on different problems related to the hand lay-up process particularly, on the analyses of the rate of heat transfer and degree of cure [1] The importance of the analyses of the rate of heat transfer and degree of cure in hand lay-up process is highly recognized to obtain a final product character desired mechanical properties or to realize defects free end products. Numerical modeling and simulation of the process of cure is of great importance from a theoretical point of view in order to gain a fuller insight into the nature of the process, and from an experimental point of view, to optimize the operational conditions.
In this study, microwave and autoclave assisted hand lay up processing systems for polymer-matrix composites were modeled. Comparison of the structures of the models was also made as an objective of the study.
Materials and Method

Material Composition
The proposed models involve evaluating the processing of laminates based on two different polyester mixtures composites A and B. System A consists of an othophthalic type, thermosetting (M3903) polyester resin. The composite based on slurry with the following typical parts by weight [1 25% propylene glycol, 25% phthatic anhydride, 16% malic .: Comparism of Cure Modeling of Unsaturated Polyester Based Composites Using Microwave Autoclave Assisted Hand Lay-Up Process in Cylinderical Mould up is an innovative variant of the up process [4] , characterized by a high frequency electromagnetic energy source. Electromagnetic heating is a contact and volumetric heating, and therefore very interesting for material processing [5] .
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In this study, microwave and autoclave assisted hand laymatrix composites were Comparison of the structures of the models was
The proposed models involve evaluating the processing of laminates based on two different polyester mixtures composites A and B. System A consists of an othophthalic type, thermosetting (M3903) polyester resin. The composite typical parts by weight [1] 25% propylene glycol, 25% phthatic anhydride, 16% malic anhydride, 38% styrene monomer and 2% additive making 100% unsaturated polyester resin, inert and reinforcing fillers with 30% of aluminum powder material.
In system B, same composition as in system A is maintained with the exception of replaced by N762 carbon -black of same composition as in system A.
The following are the set of sequential steps that would be used for making hand lay-up Aluminum and Carbon black Polyester resin composites.
1 anhydride, 38% styrene monomer and 2% additive making ter resin, inert and reinforcing fillers with 30% of aluminum powder material.
Process Model
In system B, same composition as in system A is maintained with the exception of aluminum which is totally black of same composition as in e following are the set of sequential steps that would be Aluminum and Carbon black-
The fabricated moulds are properly prepared and clean Correct amount of fillers (Aluminum and Carbon black) ghed into containers Correct amount of polyester resin, hardener and other additives are weighed and mixed together Resin and filler are evenly and slowly mixed with the aid of mechanical blender inside a fume cabinet (for safety) in order to ensure a homogeneous composite Each mixture is poured into moulds and transferred into the oven. Note, before pouring the mixture into the mould, plate surface would be covered with a glossy paper to facilitate easy removal of the final product tion [11] [12] [13] . show schematic components of microwave and autoclave systems for fabricating thermosetting polymer composites. The process consists of exposing the assemblage to a prescribed cure temperature cycle, which transforms the resin mixture to a structurally hard product. The dominant physical phenomena involved in the cure process are (a) the chemical reactions affecting the curing process (b) the electromagnetic and conventional energies associated with the heating of the filler/ resin mixtures, incl of the exothermic cure reaction Kinetic Model for Curing Unsaturated polyester resins are commonly used matrix for particulate reinforced composites. Commercial systems are generally supplied as relatively low molecular, unsaturated linear polyesters dissolved in a polymerizable monomer such as styrene, providing cross reacting with unsaturation of the resin in a radical addition Source: [14] [15]
Figure 3 (a). Reaction chain between C2H2 molecule reacting with free hydroxyl radical (OH) from the H
Kenny and Trivisano [16] and Barton [17 kinetic of the curing reactions of thermosetting polyester by means of differential scanning Calorimetry (DSC), the degree of cure can be modeled simply as an autocatalytic reaction described by the Gonzalez-Romero relationsh most widely used and describes free radical polymerization [19] [20] [21] . It is expressed as;
Kamal [22] and Han et al [23] proposed a slightly more complex kinetic model ( ) Unsaturated polyester resins are commonly used matrix for particulate reinforced composites. Commercial systems are generally supplied as relatively low molecular, esters dissolved in a polymerizable monomer such as styrene, providing cross-linking units by reacting with unsaturation of the resin in a radical addition reaction. The complex chemistry of the unsaturated polyester reactions has been reported in literatu initiator is decomposed leading to the formation of free radicals which progressively reduce the inhibitor concentration. The cure reaction are activated only when the inhibitor is exhausted (induction time); polyester and styrene radicals are first formed and then larger sized active molecules are generated. Finally, the termination reactions progressively reduce the active radical concentration and consequently the polymerization rate.
molecule reacting with free hydroxyl radical (OH) from the H2O2 initiator (b) cross linking of unsaturated polyester
Kenny and Trivisano [16] and Barton [17] have studied the kinetic of the curing reactions of thermosetting polyester by means of differential scanning Calorimetry (DSC), the degree of cure can be modeled simply as an autocatalytic reaction Romero relationship [18] . It is the free radical polymerization
] proposed a slightly more
Where K 1 and K 2 are rate constants given by
Also, A is the pre-exponential factor, E is the activation energy and R is the gas constant, m and n are constant which are independent of temperature.
Thermal Model for
The thermal models consist of solving the energy equations in cylindrical coordinates for the temperature distribution in the laminates cross section. microwave and autoclave heating 61 reaction. The complex chemistry of the unsaturated polyester been reported in literature [14] [15] . First, the initiator is decomposed leading to the formation of free radicals which progressively reduce the inhibitor concentration. The cure reaction are activated only when the inhibitor is exhausted (induction time); polyester and styrene radicals are first formed and then larger sized active molecules are generated. Finally, the termination reactions progressively reduce the active radical concentration and consequently the polymerization rate.
initiator (b) cross linking of unsaturated polyester.
are rate constants given by
exponential factor, E is the activation constant, m and n are constant which are independent of temperature.
for Curing
The thermal models consist of solving the energy equations in cylindrical coordinates for the temperature distribution in cross section. The governing equations for microwave and autoclave heating, for one dimensional heat transfer, also account for the heat generation due to the exothermic cure reaction in the composites may be written in the form developed by Chen et al [24] and Bejan [25] respectively.
Note: In microwave heating, the specific heat terms show that thermodynamic transitions such as the glass transition temperature and melting of the material will greatly affect the heating susceptibility of the material [26] . The derivation of equation (4) In order to build up the thermal models for the cure in microwave and autoclave, the assumptions are:
1. Negligible temperature change during flow 2. Homogeneous and well mixed reaction is achieved 3. Temperature and degree of cure are functions of time and direction normal to the part surface. 4. The composite is an infinite medium and can therefore be assumed to be one dimensional. 5. There is constant mould-wall temperature through the entire wall. 6. One dimensional heat conduction, the laminate thickness is small compared to the other dimensions. 7. The composite thermal conductivity K in the direction perpendicular to the planes of the laminate is computed using Halpin-Tasi equation [12] 1 2
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1. The experimental evidence, more over suggested that there is no variation in these properties with the temperature or degree of cure 2. The density (ρ) and the specific heat (C p ) are computed as proper averages of single resin and filler property values as follows,
Where c, r and f are composite, resin and filler respectively. 3. the power absorbed per unit volume varies linearly with the frequency(f), relative dielectric constant(ε), loss tangent(tanδ) and the square of the electric field(E) as expressed by Sutton [27] ,
4. The depth of penetration of microwave (D p ) at which the incident power is reduced by half is; [27] 4.8 ' ''
Where ε' = Dielectric Constant, ε'' = Dielectric loss factor, f =frequency where ε' and ε" can be dependent on both frequency and temperature, the extent of which depends on the composite sample [27] .
The relative dielectric constant and the loss tangent are the parameters that describe the behavior of a dielectric material under the influence of the microwave field. ε' mostly determines how much of the incident energy is reflected at the air -sample interface, and how much enters the sample. Tan δ predicts the ability of the material to convert the incoming energy into heat. During heating, the relative dielectric constant and loss tangent change with temperature.
5. All material properties (specific heat, density) are constant during the curing process. 6. Deformation of the material is negligible 7. No convection and conduction of heat.
Numerical Analysis for Microwave Heating
For the numerical solution of the mathematical model presented in equations (1), (4) and (6), the structure of the model can be summarized as follows:
1. Equation (4) was discretized using forward finite differences [28] 
T t T T α α
Note: initial temperature below 15 0 C will impede the curing process. The ideal temperature ranges from 25 0 C -35 0 C which should be maintained in the laminate.
Where T o and T c are the initial temperature and curing temperature respectively. The model was solved using MATLAB® Computer programming language.
Numerical Analysis for Autoclave Heating
For the numerical solution of the mathematical model presented equations (1) (5) and (6), the structure of the model can be summarized as follows:
1. Equation (5) is discretized using forward finite differences, summarized by Mathew and Fink [28] 2. At each time interval, the value of d dt α is computed from equation (6) 
Discussion of Results
Comparison of Cure Characteristic Between the Microwave and Conventional Heating for PolyesterAluminum Composite and Polyester-Carbon Black Composites
Cure characteristic measures the cure response of the samples to increase heat input through the cure cycle [1] . It is the measurement that is usually contrasted with a reference sample. It essentially provides data about the exothermic and endothermic reactions taking place by monitoring the amount of heat added or extracted from the samples to maintain a cure temperature. Points of measureable heat flows indicate the phase transitions of the material. Figure 3a and b show the plots of microwave and conventional curing degree of cure (α) as a function of time for the polyester-aluminum and polyester-carbon black composites. From these plots, the cure cycles for both microwave and conventional methods were obtained. The cure cycles were obtained from the curing time when the samples reached the ultimate degree of cure (α). The plots show that the microwaves cure reaction occurred at very fast rate compared to the conventional cure. These results are in agreement with those found in literatures [26] [29] [30] [31] [32] where it has been suggested that direct molecular excitation by microwave irradiation greatly shortened the curing time. In the curing of composite panels, microwave radiation heats polymer molecules directly because of the relaxation of the polarized polymer dipoles along the electric field. Thus, the local molecular temperature, which was the effective temperature for the polymerization reaction would be higher in microwave heating than in conventional heating resulting in faster reaction rate in microwave heating [32] . Another reason is that, in conventional heating, heat transfer is very slow because of poor thermal conductivity of the resin.
With reference to previous publications on modeling of microwave and conventional heating of the polyester based aluminum and carbon black composites as a production process [1] [33] , polyester aluminum composite in microwave and conventional heating were able to attain ultimate cure at approximately 20 minutes and 58.2 minutes respectively. Figure 4 also shows that similar ultimate degree of cure was obtained for the sample (polyester-aluminum composite) regardless of method of curing (99% in microwave and 95% in conventional)
Similarly, carbon black composite in microwave and conventional heating was able to attain ultimate cure at approximately 50 minutes and 66.6 minutes. Also, ultimate degree of cure for the sample, regardless of the method of curing was 98%. 
Comparison of Temperature Profiles Between the Microwave and Conventional Heating for PolyesterAluminum Composite and Polyester-Carbon Black Composites
Temperature control and heating rate show the responses of the systems in the curing process to heat as a function of time. It also determines the achievement of temperature stability and uniformity of heating with composites samples. The temperature profiles during the curing were monitored inside the samples for both microwave and conventional curing. Figure 5a and b show the temperature profile of the samples during the curing. From these figures, the temperature profile for the microwave curing shows much higher heating rate and the curing temperatures were reached at 20 minutes and 50 minutes for both polyester-aluminum and polyester-carbon black respectively. As for conventional curing, the average time required to attain the cure temperature were 58.2 minutes and 66.6 minutes respectively for the two systems. The vast difference in heating rate between the two curing methods was due to thick impermeable skin formed at the surface of the sample during conventional curing, thus preventing heat penetration [34] .
In figure 4a and b, at the initial stage of about 10 minutes of curing, there was a sharp increase in the heating rate for microwave curing compare to the conventional curing. This most possible due to heat released from the high chemical reactivity of the functional groups and more heat generated from dielectric heating [3] . The dielectric heating effect is likely to be greater in the early stages of reaction as the concentration and mobility of the dipoles in the resin is higher [3] . The heating rate increases steadily thereafter, which indicated that, as the cross linking progresses (the systems gelled and then vitrified), the mobility of the dipoles became more restricted, resulting in a reduction of dielectric heating [3] . At the later stage of the heating, the temperatures were maintained after the cure temperatures were attained. At that stage, the samples were cured and the temperature profile decreases gradually. The decrease suggested that the samples become less lossy (less interaction between electric field and dipolar molecules) [3] . systems were maintained at 106 0 C and 120 0 C without any overshot. This indicated that the process control developed for the microwave power system was able to achieve temperature stability and uniform heating in the composite sample. This is better compared to conventional method of curing. This is better temperature control in microwave curing than conventional curing.
Conclusions
Better control of temperature was observed during the microwave curing of both composite systems as compared to the conventional curing The two systems reached ultimate cure faster in microwave curing than conventional curing showing that rigid temperature control measures must be developed for the production of both composites to suite their cure characteristics
